SUMMARY ANSWER: Physiological trophoblast plug structures are dense enough to restrict flow of oxygenated blood to the intervillous space (IVS) in the first trimester, and result in a shear stress environment upstream of the plugs that promotes spiral artery remodelling.
Introduction
Establishment of an appropriate utero-placental blood supply is critical for successful pregnancy. Adaptation of the uterine vasculature to support implantation and pregnancy is achieved in part by placental cells termed extravillous trophoblasts, which migrate away from the placenta and invade the maternal decidua. A subset of extravillous trophoblasts, termed endovascular trophoblasts, breach the walls of the uterine spiral arteries and migrate along their lumen, dramatically remodelling these vessels from tight spirals into wide conduits that change the nature of blood flow to the placental surface (Burton et al., 2009; Cartwright et al., 2010) . This process of 'spiral artery remodelling' is crucial for pregnancy success and is impaired in the pregnancy disorders pre-eclampsia and foetal growth restriction (Brosens et al., 1967 (Brosens et al., , 1977 Pijnenborg et al., 1981; Meekins et al., 1994) .
For most of the first trimester, endovascular trophoblasts also form 'plugs' within the spiral arteries that at least partially occlude maternal blood flow to the intervillous space (IVS) surrounding the placental villi (Harris and Ramsey, 1966; Hustin and Schaaps, 1987; Hustin et al., 1988; Jauniaux et al., 2003) . Spiral artery plugging is hypothesized to be important for successful placental development by preventing the flow of oxygenated blood to the placental surface early in gestation, resulting in a physiologically hypoxic environment that is beneficial for early placental development, and successful trophoblast differentiation . However, plugs may also have important haemodynamic consequences for the uterine vasculature upstream by promoting an environment favourable to trophoblast migration within the spiral arteries, and to trophoblast-induced endothelial cell apoptosis, both of which are required for vascular remodelling to occur (James et al., 2011 (James et al., , 2012 .
It is generally agreed that trophoblast plugs are permeable to blood plasma, and that they likely prevent a high arterial flow containing oxygen-carrying maternal red blood cells (Hustin et al., 1988; Rodesch et al., 1992; Jauniaux et al., 2000) . Indeed, the presence of red blood cells in the IVS in pathological pregnancies early in gestation (Benirschke, 1995) , suggests that plugs may be looser, or dislodge earlier in some pathologies (Burton and Jauniaux, 2017) . This is consistent with reports of premature onset of maternal blood flow into the IVS (presumably as a result of premature plug dislodgement) being associated with miscarriage (Jainiaux et al., 2000; Hempstock et al., 2003) . However, the impact of trophoblast plugging on in vivo haemodynamics and the true nature of maternal blood flow to the placenta in early gestation has historically been difficult to measure in vivo due to the low flow conditions and the tortuous anatomy inherent to the spiral arteries in the first trimester (Roberts et al., 2017) . Our knowledge of this area is further limited by a lack of suitable laboratory animal models as the extent of trophoblast plugging and spiral artery remodelling seen in humans is unique to our species and a handful of primates (Pijnenborg et al., 1996; Blankenship, 1997, 1999; Pijenborg et al., 2011a Pijenborg et al., , 2011b .
As a result of these difficulties, there has been disagreement in the literature around the timing of onset of maternal blood flow to the placenta. For most of the past 25 years, general consensus in the field has been that trophoblast plugs completely occlude blood flow to the IVS until 10-12 weeks of gestation (Hustin et al., 1990; Rodesch et al., 1992) . However, a several studies report earlier onset of flow from the spiral arteries to the IVS, which has been detected using Doppler ultrasound between 5 and 7 weeks of gestation (Merce et al., 1996; Jaffe et al., 1997) . A recent study using contrast-enhanced ultrasound combined with histological analysis of the Boyd collection, has supported the concept that pathways for blood flow may exist within plugs that allow some flow to the IVS from 6 weeks of gestation (Roberts et al., 2017) . These authors note that capillary sized channels in trophoblast plugs are evident from 6 to 7 weeks of gestation, and that the plugs progressively loosen (and channels expand) over the course of the first trimester (Roberts et al., 2017) . However, this apparent disintegration of plug structure does not lead to any significant increase in the flux of blood into the IVS, which stays relatively constant from 6 to 12 weeks gestation and then increases significantly at week 13 (Roberts et al., 2017) . These two results are somewhat contradictory, but can be reconciled by the hypothesis that the upstream radial arteries act as the rate-limiting step to prevent excessive blood flow to the IVS during this period (Roberts et al., 2017) .
There is currently no histological or in vivo imaging technique available to determine exactly how plug structure contributes to spiral or radial artery haemodynamics. To overcome this, here we have taken a computational modelling approach, parameterized by histological data, to rethink our understanding of the role that trophoblast-plugs are playing in utero-placental haemodynamics. We use this model to investigate whether the structure of trophoblast plugs in the first trimester of pregnancy is sufficient to prevent blood flow to the IVS, and the impact of remodelling of spiral and radial arteries on the haemodynamic environment of the uterus.
Materials and Methods
The uterine circulation is fed by the uterine artery, which branches to arcuate arteries. The arcuate arteries branch inwards forming the radial arteries, which feed spiral arteries and the IVS (Fig. 1A) . Arteriovenous anastomoses (AVAs), that connect the radial arteries and the uterine veins, bypassing the IVS, are present in the myometrium (Schaaps et al., 2005) . We model a single radial artery, which extends through the myometrium, and a spiral artery, which extends through the myometrium as a cylindrical tube, whose centreline is the x-axis extending from where the radial artery branches from the arcuate artery ( = )
x 0 to the IVS ( = ) x L (Fig. 1B) . In the myometrium, the radial artery branches to one or more AVA ( = )
x X 1 , whose centreline is the z-axis. A trophoblast plug of length L p is assumed to reside at the distal end of the spiral artery closest to the IVS (between = x X 2 and = x X 3 ). The model geometry (Fig. 1B) is thus separated into five distinct vessel segments, within which flow and pressure are to be solved for: (i) the segment of the artery upstream from the AVA ( = x 0 to = x X 1 ); (ii) the segment of spiral artery downstream from the AVA but upstream from the plug ( = x X 1 to = x X 2 ); (iii) the plug itself ( = x X 2 to = x X 3 ); (iv) the AVA that provides an alternative pathway for blood to the uterine veins (branching from = x X 1 , and extending from = z 0 to = z L AV ); and (v) the segment between the plug and the IVS ( = x X 2 to = x L). The exact location of the AVAs is not well known, but best estimates place the AVAs within the inner half of the myometrium, often near the myometrium-decidua interface (Heckel and Tobin, 1956; Hustin and Schaaps, 1987; Schaaps et al., 2005) . Thus, in our model the AVAs are assumed to reside within the myometrium, 1 mm below the decidua.
Assuming that blood flow is Newtonian, laminar (does not exhibit chaotic turbulence), axisymmetric and fully developed, the resistance in each vessel segment that is not plugged by trophoblast can be modelled using Poiseuille's law. As the plug comprises both cell mass and free space, we follow a porous medium approach and model the resistance of the plugged section using the Darcy-Brinkman law (Brinkman, 1949; R. Byron Bird, 2007) . Therefore, in every vessel segment, i, in the arterial network the volumetric flow of blood in that segment, Q i , is related to the pressure drop across that segment, Δp i , by the following equation: and L i is the length of the vessel segment, r i is its radius, η is the viscosity of blood, γ is the ratio of actual to effective viscosity in a plugged segment, and K is the permeability of the plug, I o and I 1 are Bessel functions of the first kind, of order zero and one, respectively. The parameters γ and K are functions of the average diameter of trophoblast, D p , and the porosity of the plug, ϵ, and are given by the following equation:
Wall shear stress (τ i ) in the unplugged portions of each artery is given by the following equation:
Computational models were solved using Matlab software (version 2015b, The Mathworks Inc.), via custom written scripts.
Characterization of Geometrical Properties

Spiral artery dimensions
Spiral artery dimensions in early pregnancy have been quantified by few studies, with the most comprehensive being a detailed set of reconstructions of histological images by Harris and Ramsey (1966) . This study suggests spiral artery diameters of 20-25 μm at 4-5 weeks of gestation, increasing to 35-100 μm by 5-6 weeks, 100-250 μm by 6-10 weeks and 200-350 μm by 12 weeks of gestation. To supplement these historical data, we assessed spiral artery dimensions in decidua parietalis (as a proxy for the unremodelled but hormonally influenced state) and decidua basalis through early gestation.
To determine the dimensions of unremodelled arteries and decidual glands, these structures were measured in human first trimester decidua parietalis tissue (6-13 weeks of gestation). All first trimester decidua samples used in this work were collected from Auckland Medical Aid Centre following informed consent with approval from the Northern X Ethics Committee (NTX/12/06/057/AM06). Samples were fixed in 4% paraformaldehyde (w/v), paraffin embedded, and cut in 5 μm sections. Sections were de-waxed, taken to water, and heat-mediated Citrate Buffer antigen retrieval was performed as previously described (James et al., 2015) . Sections were stained with antibodies reactive with the epithelial marker cytokeratin-7 (0.4 mg/ml, clone OV-TL 12/30, Dako), or the extravillous trophoblast specific marker HLA-G (0.5 mg/ml, clone MEM/G-9, Abcam), as previously described (James et al., 2015) . An irrelevant IgG control antibody (Life Technologies) was used as a negative control. That the samples were decidua parietalis was confirmed by an absence of cytokeratin-7 positive interstitial trophoblast. Unremodelled spiral arteries were identified morphologically by a distinct smooth muscle layer surrounding the vessel in combination with negative staining for cytokeratin-7 ( Fig. 2A) . The lumen diameter of a total of n = 348 arteries from 17 deciduae were quantified using ImageJ software (NIH). Statistical The model geometry derived to represent that structure, the model extends from the radial artery to the interface between the spiral artery and the IVS. differences in arterial diameter with gestational age were determined using a one-way ANOVA followed by a Bonferroni post-test using Prism 7 software (GraphPad).
To gain a 3D perspective on the structure of remodelling spiral arteries decidual samples (6-9 weeks of gestation) were fixed in Glyofixx (ThermoFisher Scientific) and whole mount immuno-stained with antibodies reactive with CD31 (vascular endothelial cell marker, clone JC/ 70A, Biolegend), HLA-G (as above), or an irrelevant IgG control, using an EnzMet kit as previously described (Metscher and Müller, 2011) . Tertiary staining was achieved using nanosilver particles (Nanoprobes EnzMet 6010), allowing staining to be visible by micro-CT (Metscher and Müller, 2011) . Samples were confirmed as decidua-basalis by positive HLA-G staining in the same tissue sample. Samples were imaged in 3D using micro-CT (Skyscan 1272, 75 kV, 120 μA, with a 0.25 mm aluminium filter, and 2.5 μm pixel resolution). Arteries were identified morphologically from reconstructed images as structures that pass through the decidua, close to parallel to the materno-foetal axis, and open to the foetal side via pathways with decreased CD31 intensity (remodelled portions, Fig. 2D ). Veins were often visible in the same samples and were excluded morphologically as being larger than arterial vessels, containing sinusoids, and passing more Figure 2 weeks decidua basalis samples showing maximum intensity projections of CD31 stained arterial walls passing through the decidua. The maternal aspect is labelled (*) and placental aspect opening to the IVS is labelled (**). To view 3D rotations of (E) and (F) please refer to Supplementary Movie 1 (for E) and Supplementary Movie 2 (for F).
directly from the maternal to foetal aspects of the tissue. As the diameter of the portion of the artery that is not remodelled by trophoblast is of interest, three linear measurements of the calibre of each artery identified were made, lying within half the sample thickness from the maternal aspect. A total of n = 27 arteries from four deciduae were assessed.
Trophoblast plug characteristics
The ability of blood to pass between cells in the trophoblast plug depends on the ratio of free space to cell volume, or the porosity of the plug ε ( ), and the diameter of trophoblast ( ) D p . We have previously estimated mean trophoblast area from 400 extravillous trophoblast in outgrowths from first trimester villous explants as 1441 μm 2 , which equates to D p = 21.4 μm (James, 2006) . To determine typical plug porosity, we surveyed and analysed published 2D histological sections (Dunk et al., 2003; Smith et al., 2009; Moser et al., 2016; Weiss et al., 2016) . We calculated cell area and free space in the lumen of the spiral artery by thresholding digital images of plugs by RGB (red, green, blue) values of pixels representative of stained cell and free space, and manually correcting if necessary. Only studies which gave gestational week data for an image were included, and no prior study gave exact gestation (weeks + days).
The length of a typical plug is unknown, but plugs are known to reside in the decidual portion of the spiral artery. Published findings from vaginal ultrasonography and hysteroscopy between 5 and 12 weeks of gestation, X-ray and micro-radiographic studies, as well as histology of hysterectomy specimens from 6 to 13 weeks of gestation (Hustin and Schaaps, 1987; Hustin et al., 1988) , suggest a length of 500-750 μm (0.50-0.75 mm) (Hustin and Schaaps, 1987; Hustin et al., 1988) . More recently, trophoblast plugs have been shown to span at least 120 μm in serial sections of decidua from 7 to 12 weeks of gestation . Taken together the available data suggests that plugs occupy more than 120 μm (0.12 mm) but less than 750 μm (0.75 mm) of the spiral artery lumen in the decidua basalis during the first trimester. Decidual thickness measured from ultrasound is 6.65 ± 3.00 mm (Hızlı et al., 2012) with no significant increase in thickness in the first trimester. This compares to a myometrial thickness, under the placenta of 10.7 ± 6.5 mm (Durnwald and Mercer, 2008) . Thus, we assume the total uterine wall thickness under the placenta of 16 mm (6 mm of decidua and 10 mm of myometrium).
Model initialization and AVA resistance
To complete the model, boundary conditions must be applied. Three blood pressures P P , in IVS and P V , representing blood pressure at the entrance to the radial artery, the IVS and the uterine veins, respectively are specified (Fig. 1 ). Blood pressure in the uterine arteries is estimated as 80-100 mmHg during pregnancy (Wang, 2010) , and cannot be higher than systemic arterial pressure, thus a value for P in = 80 mmHg is assumed. P IVS been estimated to be 10 mmHg (Schwarcz et al., 1967; Wang, 2010) , and P V is assumed to be 3 mmHg, consistent with normal venous blood pressures in the systemic circulation (Magder and Scharf, 2001; Story, 2008) . The size of the arteriovenous pathways in the myometrium are not well quantified, and thus were estimated from haemodynamic measurements, assuming the fixed driving pressures defined above. Blood flow velocity in the myometrial section of the uterine arteries has been measured from 4 to 15 weeks of gestation, and is relatively unchanged prior to 9 weeks of gestation (Merce et al., 1996) . Assuming that the arteries imaged in the myometrium upstream from AVAs, justified by imaging of IVS velocities in the same study, which are considerably lower than the velocities measured here, and that at 4 weeks of gestation the spiral arteries do not open out into the IVS (Harris and Ramsey, 1966) , the resistance of the arteriovenous flow pathways must be sufficient to match a flow velocity of~15 cm/s in the portion of the artery upstream of the AVA (between = x 0 and = x X 1 ) when the spiral artery is completely plugged. Therefore, initial simulations were conducted, with varying AVA resistance, an almost completely plugged artery ε ( = ) 0.01 , and all other parameters as in Table I , until this condition was met. This resulted in an AVA resistance equivalent to a single artery of radius 100 μm and length 6.5 mm. This is consistent with estimates from Schaaps et al. of shunt pathways of~200 μm diameter. In reality this could represent multiple smaller anastomoses, without significant impact on model predictions provided their total resistance (when resistance is summed in parallel) is equal to the same value as this single 100 μm radius anastomosis.
Results
Spiral artery dimensions
In the decidua parietalis, vessels had a mean diameter of 28.4 μm (±0.9 S.E., n = 348 vessels from 17 decidua). There was no discernible correlation between vessel diameter and gestational age of the tissue (Fig. 2B ). In the decidua basalis, spiral arteries had a mean diameter of 196 μm (±17 S.E., n = 27 vessels from four deciduae). 
Trophoblast plug porosity
A physiological range of plug porosity of 0.20-0.60 (0.47 mean, ±0.06 S.E., n = 12) was calculated from published histological sections containing trophoblast plugs (Fig. 3) . To account for the large differences between and within images the whole range of porosities was used to parameterize the model.
To what extent does plug structure influence blood flow rates to the IVS? First, the model was run with no plug present, with the spiral and radial artery components of the model increasing in size to mimic changes in early pregnancy. In this scenario, blood flow increases through the system non-linearly (resistance is proportional to the inverse of the fourth power of radius), and blood flow in both the IVS and in the myometrial portion of the radial arteries (upstream of anastomoses) rapidly increases to non-physiological levels far beyond those measured by ultrasound in the first trimester (Merce et al., 1996) . In contrast, the presence of a plug of the mean porosity measured (0.47) significantly increased resistance of the system and reduced these flows to physiological levels, with only small increases in volumetric flow for a given increase in arterial radius (Fig. 4) . These findings were not significantly altered by the length of the plug (Fig. 4) . In order to determine how the structure of a trophoblast plug impacts its ability to prevent blood flow to the IVS, blood flow was simulated for a fixed arterial radius (200 μm) and plug porosity was varied for both 0.5 and 2 mm long plugs (Fig. 5) . Over the range of physiological porosities, flow to the IVS is significantly restricted and blood flow rates to both the IVS and within the myometrial portion of the radial arteries remain within physiological levels. As the porosity increases, near to the upper end of the porosity range measured histologically, the relationship between IVS blood flow and porosity becomes non-linear. This suggests that as trophoblasts in a plug become less cohesive when the plug starts to break down, the rate of blood flow to the IVS will increase rapidly.
Could plugging result in a haemodynamic environment that promotes spiral artery remodelling?
Our previous work has shown a dose-response relationship between shear stress at the wall of the spiral artery and the functional ability of trophoblasts to colonize and transform the spiral arteries, leading to the hypothesis that low shear stress conditions (<2 dyne/cm 2 (0.2 Pa)) would promote trophoblast-mediated spiral artery remodelling in early pregnancy (James et al., 2011 (James et al., , 2012 . However, as the shear stress in the plugged/remodelling spiral arteries in early preg- Figure 3 Plug porosity calculated from image analysis of previously published histological images [7, [36] [37] [38] plotted as a function of gestational age. There is no apparent relationship between porosity and gestational age within the data available. Figure 4 The predicted impact of plug presence on volumetric blood flow to the IVS (A), and in the myometrial radial arteries (B), as radial and spiral artery radius increases. Horizontal lines show either the estimated upper limit of volumetric blood flow to the IVS (A) or the range of estimated myometrial radial artery blood flow (B). The presence of a plug of average porosity (0.47) results in a restriction of blood flow to the IVS, which changes minimally despite increasing arterial radius. Simulations with no plugged region leads to rapid and non-linear increase in volumetric blood flow for small changes in arterial radius and a fixed driving pressure. nancy has not previously been calculated, a clear link between these in vitro dose-response studies, and the in vivo scenario could not previously be made. Here, we use our computational model to make this link by simulating shear stress at the wall of a plugged spiral artery. As plug porosity increases (i.e. plugs become less dense), the shear stress due to arterial blood flow also increases non-linearly (Fig. 6) . For a 0.5 mm long plug, and all other parameters as defined in Table I , shear stress in the arterial wall upstream of the plug is predicted to be within this favourable shear stress range when porosity is <0.3 (so the plug is 30% free space). For a longer 2 mm plug, favourable shear stress can be obtained with a more loosely cohesive plug (porosities <0.45).
Critically, the point at which shear stress increases beyond levels considered favourable to trophoblast migration (0.2 Pa) coincides with the rapid increases in blood flow that may be associated with plug break down.
The resistance generated by trophoblast plugs in the spiral arteries would be expected to result in a high proportion of blood being shunted to the venous circulation via the AVAs when plugs are present. Thus, blood flow through the radial arteries and AVAs is predicted to be much greater than in the spiral arteries. Correspondingly, our model predicts that over the physiological range of plug porosities, shear stress at the wall of the radial arteries is 9-10 dyne/cm 2 (0.9-1.0 Pa). This is~5× larger than the shear stresses shown in vitro to be favourable to trophoblast migration.
How do radial arteries modulate blood flow to the IVS?
As a result of spiral artery remodelling, by the end of the first trimester the radial arteries are smaller than the spiral arteries ( Roberts et al., 2017) . As a result, they have been hypothesized to play a regulatory role in blood flow to the IVS in this period (Roberts et al., 2017) . To test this, we fixed radial artery radius at 100, 150 or 200 μm and assessed the impact of increasing spiral artery radius. The model predicts that if there is no trophoblast plug, radial artery radius can modulate blood flow, but this radius would need to remain <100 μm to maintain IVS blood flow at physiological levels prior to 12 weeks of gestation (Fig. 7) . This would also significantly impact total uterine blood flow to the myometrium as undilated radial arteries would increase total myometrial resistance significantly. In the presence of a loosely cohesive plug (porosity = 0.6), a relatively undilated radial artery is predicted to maintain low flow conditions to the IVS and maintain physiological myometrial flow. Thus, radial arteries may play important roles in modulating/limiting blood flow to the IVS in the late first trimester as trophoblast plugs begin to dislodge.
Discussion
In this study, we have taken a combined histological and computational modelling approach to shed new light on the impact of trophoblast plugging on utero-placental haemodynamics. This has allowed us to relate, for the first time, the impact of structural changes involved in spiral artery remodelling during the first trimester to functional changes in blood flow and shear stress in this circulation. We have predicted the effects of trophoblast plugs on blood flow both into the IVS downstream of the plug, and in the spiral and radial arteries upstream of the plug. In doing so we have Figure 7 Model predictions of the impact of radial artery radius on volumetric blood flow to the IVS (A, C), and in the myometrial radial arteries (B, D) as the radius of the spiral artery increases. Results are shown in the absence (A, B) and presence (C, D) of a plug, and results for plugged arteries are shown for the most loosely cohesive plugs measured (porosity = 0.6). If the radial artery has smaller calibre than the spiral artery it is able to restrict flow to the IVS.
demonstrated that physiological trophoblast plugs are sufficiently dense enough to prevent the onset of blood flow to the IVS and thus are likely important to aid early development of the villous placenta, but also play a previously under-appreciated role in regulating spiral artery remodelling in the first trimester of human pregnancy.
To what extent does plug structure influence blood flow rates to the IVS?
Analysis of histological images of trophoblast plugs between 7 and 11 weeks of gestation gave a physiological range of plug porosities from 0.2 to 0.6. Model predictions suggest that plugs in this range of porosities are sufficient to reduce blood flow in the spiral arteries into the IVS to levels observed physiologically in early pregnancy. In contrast, when no plug is present in the spiral artery blood flow increases rapidly as the artery dilates. Therefore, the model confirms plugging of the spiral arteries to be a significant modulator of blood flow to the IVS in early pregnancy. Our model highlights that plug structure (length and cell density/ porosity) has important impacts on spiral artery resistance, and uterine haemodynamics in early pregnancy. Trophoblast plugging has been suggested to be more extensive (deeper) in central regions of the implantation site , as trophoblast invasion is more extensive centrally (Pijnenborg et al., 1980 (Pijnenborg et al., , 1981 . Across a range of physiological porosities, our model suggests that longer plugs limits blood flow to the IVS more than shorter plugs with the same porosity (as may be found in the peripheral regions of the placenta). Small changes in plug porosity that increase the permeability of the plug to flow were predicted to result in rapid increases in blood flow into the IVS. Furthermore, the sensitivity of blood flow to porosity changes is more severe when plug depth is decreased. These data support observations that the onset of blood flow into the IVS occurs first at peripheral regions of the placenta (Meekins et al., 1997) , as haemodynamic parameters are likely to be more sensitive to small changes in less extensive trophoblast plugs in these regions.
The model predicts a rapid increase in blood flow to the IVS at the upper end of measured plug porosities (when trophoblast plugs begin to break up), which is consistent with a rapid increase in blood flow to the IVS at~12 weeks of gestation (Roberts et al., 2017) . Although our analysis of existing histological data did not show a relationship between gestational age and plug porosity, our estimates show a high degree of biological variation, potentially as a result of variations in their relation to the centre of the implantation site, or differences in histological processing, which could not be controlled for in the available data. It is clear from a recent detailed study of plug structure, that as early as 7-8 weeks of gestation, a number of short and narrow channels through the plugs have been reported to link arteries to IVS (Roberts et al., 2017) , which have been described previously (Burton et al., 2009) . The diameter of these channels increases gradually from capillary sized structures in early gestation. These cannot be identified from individual histology sections but may contribute to the large variation in porosity between images analysed here. Future work to incorporate 3D image stacks of trophoblast plugs into the model would allow a greater understanding of the role these capillary sized structures may play in plug dislodgement.
Could plugging result in a mechanical environment that promotes spiral artery remodelling?
In vitro studies have suggested that shear stresses <2 dyne/cm 2 (0.2 Pa) promote trophoblast-induced endothelial cell apoptosis, and do not impede trophoblast migration retrograde to blood flow, potentially facilitating the migration of trophoblasts towards chemotactic signals such as those arising from uterine natural killer cells that surround the arteries prior to trophoblast colonization (James et al., 2011 (James et al., , 2012 . Our model predicts that shear stresses <2 dyne/cm 2 are consistent with the structure of a plugged spiral artery, but not an unplugged artery of the same dimensions. Model predictions of the impact of plug porosity on wall shear stress upstream from the plug suggest that if low shear stress has any impact on the retrograde movement of the human trophoblasts, it would be more effective for relatively longer plugs compared to shorter ones (Khong et al., 1986; Kim et al., 2003) . In other words, the extent of trophoblast plugging has the potential to affect spiral artery remodelling. Trophoblast invasion and spiral artery remodelling is less extensive in pre-eclampsia (Pijnenborg et al., 1980) . Our work raises the question as to whether inadequate trophoblast plugging is a previously overlooked contributor to the pathogenesis of pre-eclampsia and foetal growth restriction. This question has never been directly examined, and indeed is extremely difficult to study directly as at the time of trophoblast plugging we are not yet able to detect which pregnancies will go on to develop these pathologies, and current imaging modalities up not to the task of imaging trophoblast plugs in vivo. However, our work suggests that inadequate trophoblast plugging could contribute to the pathophysiology of pre-eclampsia in two ways. First, less extensive plugging could result in early onset of blood flow to the IVS previously observed by ultrasound in pregnancy disorders (Jaffe et al., 1995) , potentially damaging the delicate villous tissue by inducing mechanical and/or oxidative stress. Secondly, less extensive plugging could create a haemodynamic environment in the spiral arteries that negatively impacts trophoblast-induced remodelling. These are important concepts to bear in mind as we strive to understand the many interlinking factors underpinning the origins of major pregnancy disorders in early gestation.
Trophoblast migration in early pregnancy is limited to the inner third of the myometrium (Pijnenborg et al., 1981; Brosens, 1988) , and the reason for this localized invasion is not clear. A consensus on the exact location of AVAs has not been reached in the literature, although many of the historical studies examining this question have placed these somewhere in the inner half or third of the myometrium (Heckel and Tobin, 1956; Hustin and Schaaps, 1987; Schaaps et al., 2005) . As the blood that bypasses the IVS and travels through anastomoses also flows through the radial arteries, the volumetric blood flow through these arteries is higher, and we predict that the wall shear stress is expected to be around five times higher in the radial arteries upstream of the anastomoses. Our previous work demonstrates that such conditions would be detrimental to trophoblast migration, and thus it is interesting to speculate as to whether the location of the AVAs within the myometrium may be the factor that limits trophoblast-induced spiral artery remodelling to the inner third of the myometrium. If this is the case, then it is also possible that the location and/or function of the AVAs could play a role in reducing the depth of trophoblast-induced spiral artery remodelling in pre-eclampsia. Further studies to determine the location and extent of these anastomoses are required to validate these hypotheses, however, the model clearly demonstrates the impact of anastomoses on haemodynamics in this relatively unstudied portion of the uterine vasculature.
How do radial arteries modulate blood flow to the IVS?
As radial arteries remain small in comparison to spiral arteries, as trophoblast induced remodelling proceeds they may provide an important 'rate-limiting' resistance as plugs break up (Roberts et al., 2017) . Our model supports this concept. In the earliest stages of gestation, a cohesive plug is likely the major rate limiter of flow to the IVS. However, as plug porosity increases, either as the result of progressive structural disintegration or as a result of the formation of channels through the structure, our model predicts that the radial artery, even if just 50 μm smaller in radius than the spiral artery could become the major site of resistance in the system and dominate IVS flow dynamics. This would likely continue after trophoblast plugs have completely disappeared, so long as the radial arteries remain relatively small in comparison to the portion of the spiral arteries that has been actively remodelled by trophoblast. Indeed, our recent work modelling the uterine Doppler artery waveform predicts that the radial arteries also make significant contributions to the abnormal waveforms observed in pre-eclampsia and foetal growth restriction, highlighting the important but previously often overlooked role of these arteries in pregnancy disorders (Clark et al., 2018) .
Model limitations
We assumed blood flow to be laminar and Newtonian. The inlet velocity changes from 0.2 to 1 m/s in our model which is consistent with the blood velocity measured by Doppler ultrasonography at the spiral/radial artery regions at the placentation site. Such flow produces Reynolds numbers in the range of 28-140, which makes it reasonable to assume laminar flow in our model. The Newtonian assumption is most likely to break down in low porosity plugs, where empty spaces between cells are small. However, there is evidence in this case that only plasma permeates through the plug (Hustin and Schaaps, 1987) . In general, plasma behaves like a Newtonian viscous fluid. As the porosity of the plug increases the likelihood of red blood cells flowing to the IVS increases, but in turn pore size also increases, thus the Newtonian approximation to blood flow dynamics likely remains reasonable.
In this work, the spiral and radial arteries are assumed to be straight tubes but both are known to be tortuous. The assumption of a straight artery underestimates resistance. This increased resistance occurs both because tortuosity is reflected in both a larger total length of the artery, and because curvature results in more complex flow patterns than those in an equivalent length straight artery, hence increasing resistance. The impact of curvature is quantified by the Dean number which is equal to the Reynold's number multiplied by the square root of the ratio of artery diameter to diameter of curvature. There are few quantitative descriptions of the extent of tortuosity in human SAs. Harris and Ramsey's (1966) reconstructions of the course of spiral arteries and our own imaging suggest that the minimum diameter of curvature of spiral arteries is three to four times their diameter, thus Dean number is 16-80. A low Dean number (low impact of curvature on flow) is typically <60, thus, there may be an impact of both length and curvature, particularly as plugs dislodge and flow rates increase. This will impact on regional pressure gradients and would contribute to regulation of utero-placental blood flow at this stage of gestation. While, a more accurate representation of spiral artery tortuosity would improve the model predictions, they are unlikely to significantly influence the non-linear relationship between plug properties and haemodynamics.
As with any theoretical study of the utero-placental circulation, a model of this type would benefit from more accurate structural quantification of the size and connectivity of the arteries that comprise the circulation. While evolution of spiral artery size in early pregnancy has been studied here and in previous studies, there are several unknowns, including the number and length of anastomoses in the myometrium and their site of origin, and the nature of dilation of the radial arteries. When a model parameter could not be characterized from the existing literature, a range of values for that parameter was assessed to investigate the possible range of haemodynamic responses. These ranges can be tightened as more quantitative analysis of the structure of the uterine circulation emerges, for example, with advances in in vivo imaging (James et al., 2017) .
Conclusions
In this study we presented a computational model of a plugged spiral artery that can be used to predict blood flow, speed and wall shear stress upstream of the trophoblast plug in the spiral and radial arteries. We confirm that physiological lengths (>0.1 mm) and porosities of trophoblast plugs (0.2-0.6) are sufficient to restrict the flow of oxygenated maternal blood flow into the IVS. If plugs were not present this flow could damage the delicate villous tissue and expose the developing placenta to oxidative stress. The presence of trophoblast plugs in the SAs reduces shear stress, generating conditions that are favourable for trophoblast-mediated spiral artery colonization and remodelling. Thus, trophoblast plugs may help ensure adequate spiral artery remodelling, and we hypothesize that inadequate plugging of the spiral arteries in early pregnancy may predispose the pregnancy to pathological complications such as pre-eclampsia that are associated with inadequate spiral artery remodelling. Structural changes in plugs as they dislodge are likely to result in rapid increases in blood flow to the IVS, and it is likely at this stage of gestation that the major source of resistance in the utero-placental circulation transitions from the spiral arteries to the radial arteries, which then act as a the 'rate-limiting' step to IVS flow.
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